Abstract: An ultracompact mode-evolution-based polarization rotator is proposed. The polarization rotator consists of silicon wire waveguide covered by silica buffer layer and linearly tapered thin aluminum. Numerical simulations using 3-D finite element method demonstrate that it is possible to obtain an 11-m-long polarization rotator with about À20-dB extinction ratio and less than 4.7-dB loss in C-band for both polarization conversions from TM-like mode to TE-like mode and from TE-like mode to TM-like mode.
Introduction
Silicon wire waveguides have attracted great attention for the purpose of miniaturizing optical devices, due to their ability to achieve small bending radii. Moreover, they can confine light in a small region because of their large index contrast. Various kinds of optical devices based on a silicon wire waveguide such as ring resonators [1] , corner mirrors [2] , and arrayed waveguide gratings [3] have been demonstrated so far. However, one of the main drawbacks of silicon wire waveguides is their strong polarization dependence. To overcome this issue, polarization diversity systems consisting of two polarization splitters and two polarization rotators have been proposed [4] , [5] . In polarization diversity systems, incident light is separated into a TE-like mode and a TMlike mode by a polarization splitter, and the TM-like mode (or TE-like mode) is rotated 90 by the first polarization rotator. After this process, separated beams are inputted into functional devices. Finally, the TE-like mode (or TM-like mode) is rotated 90 by the second polarization rotator, and these two modes are combined by a polarization combiner which has the same structure of the polarization splitter. In this way, a polarization independent functional device is achieved. Therefore, the compact and high-performance polarization splitter and polarization rotator are essential components in polarization diversity system.
Variety types of polarization rotators have been proposed [6] - [9] . They are classified into two major classes of mode-coupling base and mode-evolution base. In [6] , a mode-coupling-based polarization rotator consisting of an off-axis double core structure is proposed and fabricated. The rotator with 35-m length provides the polarization extinction ratio of À11 dB. A very short polarization rotator based on mode-coupling is also proposed [7] . This polarization rotator consists of asymmetrical silicon nanowire. The polarization rotator has a 120 nm-bandwidth and 97% conversion efficiency with 10-m conversion length. However, the mode-coupling-based polarization rotators are not tolerant for fabrication errors, since it is difficult to fabricate polarization rotator satisfying the phase matching condition precisely. On the other hand, the effect of fabrication error is little for mode-evolution-based polarization rotator, because it does not require satisfying phase match condition. In [8] , a mode-evolution-based polarization rotator was designed. The rotator that is 40 m long provides the polarization extinction ratio of À15 dB. In the mode-evolution-based polarization rotator, its large device length is issue. If the device length can be reduced, the modeevolution-based polarization rotator is a good candidate for realizing highly tolerant and compact polarization rotator. Recently, Zhang et al. demonstrated a mode-evolution type polarization rotator based on surface plasmon polariton (SPP) [9] , which consists of silicon wire waveguide covered by thin metal layer. The extinction ratio of this polarization rotator is about À13 dB with the device length of about 3 m. However, due to the effect of SPP, the loss of this polarization rotator is about 12 dB, and the further improvement of polarization extinction ratio is difficult.
In this paper, we propose a novel mode-evolution type polarization rotator based on SPP with low loss. The polarization rotator consists of silicon wire waveguide covered by silica buffer layer and linearly tapered thin aluminum. Numerical simulations using three-dimensional finite element method (3-D-FEM) demonstrate that it is possible to obtain a 11-m-long polarization rotator with about À20-dB extinction ration and less than 4.7-dB loss in C-band for both polarization conversions from TM-like mode to TE-like mode (TM-TE conversion) and from TE-like mode to TM-like mode (TE-TM conversion). Fig. 1 shows the schematic 3-D view of the proposed polarization rotator based on SPP. It consists of silicon wire waveguide covered by linearly tapered thin aluminum layer. In order to reduce propagation loss, the silica buffer layer is introduced between silicon wire waveguide and aluminum layer. The substrate and the cover cladding are assumed to be silica. The wavelength-dependent refractive indices of silicon ðn Si Þ, silica ðn silica Þ and aluminum ðn Al Þ are estimated by approximate equations given, as in [10] - [12] , where n Si ¼ 3:475, n silica ¼ 1:444, and n Al ¼ 1:53 À j15:34, respectively, at 1550-nm-wavelength. The silicon wire waveguide is horizontally oblong structure with width and height of w Si ¼ 400 nm and h Si ¼ 220 nm, respectively, and the aluminum layer height is equal to 200 nm. The maximum aluminum layer width, the gap between silicon wire waveguide and aluminum layer, the taper length, and the mismatch between silicon wire waveguide and aluminum layer are defined as w Al;max , h silica , L t , and d , respectively. When the light is launched in the input silicon wire waveguide shown in Fig. 1 , the inputted fundamental mode is assumed to be horizontally polarized (TE-like) or vertically polarized (TM-like) mode. Then, through the rotator region where the aluminum layer width is gradually reduced, the propagating fundamental mode becomes hybridized gradually, since the two polarizations are coupled by the asymmetry shape of waveguide. Finally, the polarization of the inputted fundamental mode will be rotated by the tapered aluminum layer. Fig. 2 shows the aluminum layer width dependence of the effective indices of guided modes, where the gaps between silicon wire waveguide and aluminum layer are (a) h silica ¼ 0 nm, (b) h silica ¼ 25 nm, and (c) h silica ¼ 50 nm. The red, green, and blue curves represent the first, second, and third dispersion curves, respectively. The polarization estimated from field distribution is written in these figures. TE0, TM0, and TM1 represent TE-like fundamental mode, TMlike fundamental mode, and TM-like first higher order mode, respectively. The dotted and dashed lines represent the effective indices of silicon wire waveguide for TE-like fundamental mode and TMlike fundamental mode, respectively. We can see that, due to the strong coupling of them, the polarization at wide aluminum layer region is opposite to that at narrow aluminum layer region on each dispersion curve. For example, on the red curve, the polarization around w Al ¼ 600 nm is TMlike mode, while the polarization around w Al ¼ 100 nm is TE-like mode. In addition, when the gap between silicon wire waveguide and aluminum layer is increased, the distance between red and green curves is reduced. From these results, we can estimate that, when we set h silica ¼ 0 nm, due to the strong coupling between first and second dispersion curves, the highly efficient polarization conversion can be achieved with very short device length. However, the loss will be very high because the effect of SPP is also strong. On the other hand, when we set h silica ¼ 50 nm, the insertion loss can be reduced, whereas a long transition region (long taper length) will be required for highly efficient polarization conversion. Fig. 3 shows jE x j and jE y j distributions on the red curve in Fig. 2(b) , where the aluminum width is set as (a) w Al ¼ 100 nm, (b) w Al ¼ 300 nm, and (c) w Al ¼ 500 nm, respectively. The left and Fig. 2(b) , when the aluminum width are set as (a) w Al ¼ 100 nm, (b) w Al ¼ 300 nm, and (c) w Al ¼ 500 nm, respectively. The left and right panels show the x component jE x j and y components jE y j, respectively. The bottom and top white rectangles in each figure represent the shape of silicon wire waveguide and aluminum, respectively. right panels show the jE x j and jE y j, respectively. jE x j and jE y j represent the absolute values of x and y components of electric fields, respectively. We can confirm that when the aluminum width is w Al ¼ 500 nm, the major component of electric field is jE y j, i.e., TM-like mode. On the other hand, when the aluminum width is w Al is 100 nm, the major component of electric field is jE x j, i.e., TE-like mode.
Design of Mode-Evolution-Based Polarization Rotator

Characteristics of Polarization Rotator
In order to show the applicability of the proposed polarization rotator, we confirmed that the polarization rotator shown in Fig. 1 could rotate the polarization from TM-like mode to TE-like mode. The TM-like mode at 1550-nm-wavelength is launched into silicon wire waveguide in Fig. 1. Fig. 4 shows the taper length dependence of (a) polarization extinction ratio and (b) loss for several values of gaps between silicon wire waveguide and aluminum layer h silica , where mismatch between silicon wire waveguide and aluminum layer is set as d ¼ 100 nm. The aluminum layer width of input side is set as w al;max ¼ 600 nm. In the simulation we placed 1-m coupling region for higher coupling efficiency between input silicon wire waveguide and silicon wire waveguide covered by thin aluminum layer. The aluminum layer width of this region is fixed as w Al;coupling ¼ w Al;max . The polarization extinction ratio (ER) and loss (LOSS) are obtained from the following equations: ER ¼ 10log 10 Output power of input mode Output power of rotated mode (1) LOSS ¼ À10log 10 Output power of rotated mode Input power :
The rotated mode and input mode in (1) and (2) represent the TE-like mode and TM-like mode, respectively for TM-TE conversion and TM-like mode and TE-like mode, respectively for TE-TM conversion. We can find that the loss is reduced by increasing the gap between silicon wire waveguide and aluminum layer h silica . When the taper length and the gap between silicon wire waveguide and aluminum layer are set as L t ¼ 5 m and h silica ¼ 50 nm, the extinction ratio is positive. It can be explained by following reason that the launched polarization is not converted efficiently, since taper length is not enough long. We can obtain the highest extinction ratio when the gap between silicon wire waveguide and aluminum layer h silica ¼ 0 nm, and L t % 5 m. However, its insertion loss is very large, and due to the large loss, the extinction ratio decreases when the taper length is extended. On the other hand, for h silica ¼ 25 nm and h silica ¼ 50 nm, the polarization extinction ratio can be improved by extending the taper length, and the insertion loss is much lower than that with h silica ¼ 0 nm. When the structural parameters are set as h silica ¼ 25 nm and L t ¼ 10 m, we can obtain À20 dB extinction ratio with 4.6 dB loss at 1550-nm wavelength. The polarization extinction ratio and loss in [9] are À12.5 dB and 12 dB, respectively. Compared with Fig. 4 . Taper length dependence of (a) polarization extinction ratio and (b) insertion loss for several values of gaps between silicon wire waveguide and aluminum layer h silica , where mismatch between silicon wire waveguide and aluminum layer is set as d ¼ 100 nm. The aluminum layer width of input side is set as w Al;max ¼ 600 nm.
this result, we can see that, the proposed structure in this work can improve polarization extinction ratio about one order of magnitude and the loss also can be reduced, simultaneously. Fig. 5 shows jE x j and jE y j distributions in silicon wire waveguide for TM-TE conversion, when the taper length is fixed as L t ¼ 10 m. The white solid line and dashed line represent the shape of silicon wire waveguide and the shape of covering aluminum layer, respectively. The TM-like mode is launched from left-hand side in Fig. 5 . In Fig. 5(b) , between 0 and 1 m, the guided mode seems to be oscillated. It caused by the reflection at boundary between uncovered silicon wire waveguide and silicon wire waveguide covered by the aluminum. The refracted power is about 1.3% of launched power. Since TM-like mode is launched, the major component at input side is jE y j, and jE x j is absent. However, jE x j is increased with propagating. At the output side, the major component is jE x j, while jE y j has almost vanished. From these results, we can confirm that the polarization conversion from TM-like mode to TE-like mode can be achieved in the proposed polarization rotator. 
The red curve and green curve represent TM-TE conversion and TE-TM conversion, respectively. The solid curve and dashed curve represent the polarization extinction ratio and loss, respectively. For TM-TE conversion, when the mismatch between silicon wire waveguide and aluminum layer is smaller, the polarization extinction ratio is improved, while the loss is increased slightly. Meanwhile for TE-TM conversion, the highest polarization extinction ratio is obtained when the mismatch between silicon wire waveguide and aluminum layer is set as d ¼ 100 nm. If the mismatch between silicon wire waveguide and aluminum layer is set as d ¼ 100 nm, we can obtain about À20 dB extinction ratio over the C band with the insertion loss of less than 4.7 dB for both polarization conversions. Fig. 7 shows the aluminum layer height dependence of (a) polarization extinction ratio and (b) loss for TM-TE conversion and TE-TM conversion. The taper length and mismatch between silicon wire waveguide and aluminum layer are set as L t ¼ 10 m and d ¼ 100 nm. The TM-like mode and TE-like mode at 1550-nm wavelength is launched individually. The red curve and green curve represent TM-TE conversion and TE-TM conversion, respectively. When the aluminum layer height is small, the loss is increased, and the polarization extinction ratio of TM-TE conversion is impaired. If the aluminum layer height is larger than 200 nm, the polarization extinction ratio and loss change little.
Conclusion
We have proposed a novel design of mode-evolution type polarization rotator based on SPP consisting of silicon wire waveguide covered by a silica buffer layer and a linearly tapered thin Fig. 7 . Aluminum layer height dependence of (a) polarization extinction ratio and (b) loss for TM-TE conversion and TE-TM conversion. The red curve and green curve represent TM-TE conversion and TE-TM conversion, respectively. When the taper length and mismatch between silicon wire waveguide and aluminum layer are set as L t ¼ 10 m and d ¼ 100 nm. aluminum layer. Results from numerical simulation with 3-D-FEM have been presented. The polarization rotator has the extinction ratio of about À20 dB with the insertion loss of less than 4.7 dB for the C-band. The polarization rotator would be used in the construction of ultracompact polarization rotator in the polarization diversity system.
